Modifications to the rates of water flowing from the surface to groundwater (groundwater recharge) due to climate variability are the most difficult to assess because of the lack of direct long-term observations. Here, we analyze the chloride salt distribution below the surface soil on a plateau near Los Angeles to reconstruct the amount of recharge that occurred in the last five centuries. Over this time interval, periods of major high and low recharge with different duration follow each other and this cyclicity is consistent with long-term atmospheric forcing patterns, such as the Pacific Decadal oscillation. this study determines the range and the natural variability of recharge to groundwater, which sustains local freshwater flow system, and helps forecast future availability of groundwater resource in southern california, where water scarcity is critical to both local and global populations.
Modifications to the rates of water flowing from the surface to groundwater (groundwater recharge) due to climate variability are the most difficult to assess because of the lack of direct long-term observations. Here, we analyze the chloride salt distribution below the surface soil on a plateau near Los Angeles to reconstruct the amount of recharge that occurred in the last five centuries. Over this time interval, periods of major high and low recharge with different duration follow each other and this cyclicity is consistent with long-term atmospheric forcing patterns, such as the Pacific Decadal oscillation. this study determines the range and the natural variability of recharge to groundwater, which sustains local freshwater flow system, and helps forecast future availability of groundwater resource in southern california, where water scarcity is critical to both local and global populations.
To gain insights about climate prior to the period of quantitative measurements, it is common to examine evidence from subsurface domains where it is "archived" 1 . The main sources of proxy data for paleoclimatic reconstructions can be grouped as follows: geologic (marine biogenic sediment and inorganic sediments), terrestrial (speleothems and glacial, periglacial, lacustrine, aeolian, pedological and shoreline deposits and features), glaciological (ice cores geochemistry, gas composition in air bubbles, microparticle concentration, physical properties), biological (tree rings, pollen, biota in lake sediments, corals, plant macrofossils), and historical (written records of environmental indicators) 1 . The temporal range of these natural archives varies from centuries to millennia, with a resolution from days (written historical records) to hundreds of years (marine sediments). Commonly, the information deduced from paleoclimatic studies pertain to air temperature, precipitation, atmospheric processes, and surface water but not groundwater. However, an important result of climate variability are modifications to the hydrologic cycle causing fluctuations in groundwater flow rates in sensitive regions, like discharge to streams and extraction via pumping to support agricultural and drinking water [2] [3] [4] . Groundwater provides nearly 50% of all drinking water worldwide, 66% of baseflow to surface water, and 43% of all water for irrigation in agriculture 5 . For this reason, estimating groundwater recharge and its temporal variability with emphasis on droughts is an important scientific endeavor with socioeconomic importance.
One approach for extracting information on the multidecadal variability of groundwater recharge over centuries involves the analysis of chloride (Cl) concentration in the porewater from core samples from the vadose zone (i.e., from above the water table) [6] [7] [8] . This method is based on the premise that rain percolates vertically downward through the vadose zone so that each year's recharging water displaces downward the previous year's water. Therefore, the pore water found at different depths in this zone represents the layering of successive inputs of rainfall from the most recent, just below land surface, to the oldest now situated at the water table. The age of the water upon arrival at the water table determines how far back in time the method encompasses. The Cl approach is applicable in recharge areas in semi-arid climate regions where there is no Cl released from the geologic media and no contributions from anthropogenic sources 9 . Where these geologic and anthropogenic conditions are met, the Cl in the vadose zone originates entirely from rainfall and dry atmospheric deposition on the land surface, which can be measured. After accounting for the Cl that is exported in surface runoff, the concentrating effect of surface evaporation and transpiration from the vegetation root zone causes the Cl concentration in the water that infiltrated below the root zone to be much greater than the equivalent aqueous concentration at the land surface. The concentration ratio of the Cl in the annual average atmospheric loading to the Cl in the pore water at any particular depth in the vadose zone is the recharge rate that produced the water found at that depth in the vadose zone. This is based on the premise that molecular diffusion has negligible effect on the Cl profile, in which case piston flow is a good approximation. The existing literature on the analysis of Cl concentration profiles as archives of past climate conditions pertains only to applications of the method in areas where sands and gravels (i.e., unconsolidated granular geologic deposits) comprise the vadose zone such that all infiltration occurs in intergranular porosity 10 . However, this study is the first application of the method to a fractured porous rock, where the potential role of the fractures on the flow in the unsaturated zone is addressed. Moreover, it is the first study to compare the results obtained from a fractured bedrock with past climatic conditions derived by analysis of tree-rings. The only other comparison between Cl profiles and tree-ring reconstruction was carried out in a sandy aquifer in the Chinese desert over 700 years 11 . Moreover, our investigation greatly extends the temporal scale of previous recharge studies in southern California that used observed water level fluctuations over a 70-year period 12, 13 and provides direct insights on the variability of the groundwater resources in a region that experiences severe drought conditions, impacting one of the continent's most important agricultural production.
Specifically, we assess a vadose-zone porewater Cl profile to reconstruct the cycles of groundwater recharge variability with decadal resolution over nearly five centuries from a Cretaceous sandstone near Los Angeles, California. The study area was selected because groundwater in this region where is used for agricultural and drinking water and climate change concerns are mounting. Moreover, its climatic, hydrological and geological characteristics are well suited for insights on recharge going back centuries, long before rainfall and groundwater monitoring began in southern California. First, the site is located on an upland ridge, 45 km Northwest of Los Angeles and 25 km inland from the Pacific Ocean, standing about 300 m above the Simi and the San Fernando Valleys (Fig. 1a,b ). Second, the majority (73%) of annual precipitation occurs during winter (December to March), whereas the summer season (June to August) is almost completely dry (10%). Conversely, the average monthly air temperature reaches a maximum in July and August (21.5 °C) and a minimum in January (10.4 °C). The mean annual potential evapotranspiration (1400 mm) exceeds the average precipitation (451 mm) creating semi-arid conditions 14, 15 . Third, the vadose zone thickness is large (up to 80 meters), there is minimal overburden and the Cretaceous sandstone has relatively high matrix porosity (mean: 13.6%) and low matrix permeability (mean: 3 × 10 −9 m s −1 ) 16 (Fig. 1c ). Therefore, although the rock is fractured, infiltration causing recharge occurs mostly by flow in the partially-water-saturated rock matrix blocks between fractures 17 . Fourth, there has been local monitoring of Cl in atmospheric dry fallout and rainfall and in the minimal streamflow volume measured at the outfalls (Fig. 1b,c) . Fifth, the geologic Cl that existed when the sandstone formed has been removed by flushing during many millions of years of rainfall and groundwater flow 18 . Sixth, there is abundant information about the nature of the subsurface conditions based on studies of the vadose and groundwater zones that began in 1984, including studies of recharge 16, 17, 19, 20 . About the latter, using the Cl mass balance method, Manna et al. 19 estimated a site-wide, long-term average recharge of 19 mm, equal to 4.2% of the average annual precipitation. Later, from the analysis of eleven porewater profiles of Cl concentration obtained from high-resolution depth-discrete sampling of continuous cores was found that, on average, 80% of this total recharge occurs as flow in the matrix blocks in the vadose zone and that Cl concentration decreases and, therefore, recharge rates increase, as response to the removal of native vegetation 17 . Recently, a spatially-distributed hydrologic numerical model (MIKE SHE) representing surface water and groundwater for one catchment of the site, found that simulated recharge values span over three orders of magnitude as a function of topography, surface geology, and land use and that recharge occurs mainly at the end of the wet season and, occasionally, after exceptionally high-intensity precipitation events 20 .
Approach to Reconstruct Recharge History
To investigate the vertical variability of Cl, we obtained two porewater profiles from high-resolution depth-discrete sampling of continuous cores at two locations, RD-103 and RD-106 ( Fig. 1) . To analyze the recharge history in this fractured sandstone, we adjusted the conventional approach used for granular aquifers by accounting for the possibility of a fast, preferential flow that reaches the water table directly via fractures bypassing the matrix (Fig. 2a ). In granular aquifers, with no other process for enrichment below the root zone, www.nature.com/scientificreports www.nature.com/scientificreports/ the average concentration of Cl remains uniform between unsaturated and groundwater zone. Conversely, in fractured aquifers, the possible presence of a low-Cl-concentration flow, not enriched by the evapotranspiration, would cause Cl concentration in groundwater to be lower than that of the vadose zone. Also, water moving along the fracture network carries some Cl that should be removed from the input mass when calculating the Cl age of porewater in the vadose zone. Thus, in our recharge reconstruction, we firstly determined the contributions of the two components of the flow, matrix (R m ) and fracture (R f ), relative to the total recharge ( Fig. 2a) , based on the difference in average Cl concentrations in the vadose zone and in groundwater 21 (Fig. 2b) . Second, we focused on the vertical variations of Cl concentration in the vadose zone. We interpreted these as the effect of paleorecharge, with high Cl intervals associated with relatively dry periods and vice versa ( Fig. 2b,d) . The age of the porewater along each profile was determined with a new approach that integrates the Cl mass to a particular depth, then divides by the partitioned contribution of the rock-matrix component of Cl input flux, thus yielding a time to accumulate this mass (assuming a constant atmospheric Cl deposition rate) ( Fig. 2c ). Under the assumptions of piston-flow in the matrix, we relate the different Cl concentrations in the vadose zone to reconstruct a time series of past recharge conditions ( Fig. 2e ) (See supplementary information for details).
To check the consistency of our recharge reconstruction, we compared the trend of variability at RD-103, which has the thickest vadose zone (81 m), with the one observed at another location of the site (RD-106) and with the Pacific Decadal Oscillation (PDO) index time series, as reconstructed by tree-ring examination 22 . The PDO is a leading mode of multi-decadal variability in sea surface temperatures (SSTs) in the extratropical North Pacific 23 and is defined by an index derived from the analysis of the SSTs. This index was calculated based on instrumental record from 1900 to the present 23 and reconstructed back to 992 AD by MacDonald and Case 22 analyzing trees located in southern California and Alberta. In southern California, positive phases of the PDO Index are associated with higher precipitation and vice versa 22 . In this region, past studies identified the influence of the PDO on precipitation 12, 24 , streamflow 13 , lake levels 25 , wind 26 , and water levels in groundwater wells 12,13 . precipitation variability. To verify the validity of using the PDO index as a proxy for past climate conditions at the site, PDO was compared to a Mean Annual Precipitation Index (MAPI), calculated using annual precipitation values from 1878 to 2016 (Fig. 3) . The MAPI represents the deviation of the annual precipitation from the-long term average value. The MAPI time series was filtered with a moving average to determine the long-term trend, possible periodicity, and to minimize the effect of annual anomalies 27, 28 . The MAPI varies from −0.76 (2013) to 1.69 (1884) around an average value, corresponding to the mean annual precipitation (450 mm). In the post-1875 period, positive index values occur 43% of the time. Five years (1884, 1889, 1941, 1978, 1983) have an index greater than 1, i.e., annual precipitation greater than 900 mm (Fig. 3) . A cyclical pattern emerges from the 7-year moving average trend. There are six periods with values above the average (before 1892, 1912-1919, 1933-1944, 1964-1968, 1976-1983 and 1990-2003) and six with values below the average (1893-1911, 1920-1932, 1945-1963, 1969-1975, 1984-1989 and after 2004) (Fig. 3) . These long-term fluctuations correspond to the 7-year moving average-smoothed PDO Index. The PDO Index for the same period shows three positive phases (1887-1915; 1923-1944; 1977-2005) and four negative phases (before 1887; 1916-1922; 1945-1976; after 2005) (Fig. 3) . The consistency between the two-time series reconfirms the influence of the PDO fluctuation on the cyclical pattern of precipitation in southern California as observed by many others using different data, such as groundwater levels, lake levels and lacustrine deposits 12, 13, 25 . Differences may be attributed to additional climate forcing phenomena, such as the El Niño Southern Oscillation, affecting the trend of precipitation over shorter temporal scales 29 . As consequence, we use the PDO Index as proxy for precipitation for the long-term comparison between recharge and climatic indices.
Recharge variability. The average Cl concentrations in the vadose zone are 78.9 mg L −1 at RD-103 and 70.6 mg L −1 at RD-106, and in the groundwater zones are 51.6 mg L −1 at RD-103 and 71.1 mg L −1 at RD-106 ( Fig. 4) . Therefore, the average total recharge is 20 mm y −1 at RD-103 and 17 mm y −1 at RD-106, equal to 4.5% and 3.7% of the average annual precipitation. Given the same Cl concentration in the vadose zone and in groundwater at RD-106, we determine that recharge occurs entirely as matrix flow whereas at RD-103, 35% of the recharge occurs as flow through the fractures, which bypasses the matrix. Based on these recharge rates, the different thicknesses of the vadose zone, and the physical properties of the fractured porous rock at the two locations, we were able to reconstruct a 468-year history at RD-103 and 252-year history at RD-106 ( Fig. 5a) (See supplementary information for details). Given the high frequency of the core sampling (1 m for RD-103 and 0.7 m www.nature.com/scientificreports www.nature.com/scientificreports/ for RD-106), each recharge value represents on average a 6-year period. To analyze the temporal variability of recharge at each location, we created a Recharge Index (RI), similar to the MAPI, representing the anomaly of each recharge value with respect to the mean value. RI values at RD-103 range between −0.89 (1705 to 1719) and +0.80 (1535 to 1539); the analysis of the linear trend shows a negative trend over the analyzed periods (dotted line: RI = −0.0007 × year + 1.32) (Fig. 5a ). In addition to this trend, important oscillations with periods ranging from 5 to 77 years around the average values were observed. The longest positive phase, also with the highest recharge index values, was found between 1615 and 1538 (77 years) whereas prolonged dry periods were observed between 1698 and 1742 (44 years) and 1801 and 1855 (54 years). Range of variation at RD-106 varies between −0.48 (1861 to 1850) and +0. 8 (1908 to 1911) and shows a nearly perfect overlap of peaks and troughs with RD-103. This coherent style of variability is the evidence of a similar change of conditions across the study area and reinforces the approach used at RD-103 to reconstruct recharge variations over a longer period (Fig. 5a ).
To test our recharge reconstruction approach, we compared RD-103's Recharge Index (RI) trend to the PDO Index ( Fig. 5 ), reconstructed by MacDonald and Case analyzing tree rings for the last thousands of years (ftp:// ftp.ncdc.noaa.gov/pub/data/paleo/treering/reconstructions/pdo-macdonald2005.txt). We compared the positive and negative phases (wetter and drier periods) of this index with the positive and negative phases of the recharge indices at the two locations. Principal positive and negative phases of the PDO Index are indicated in Fig. 5b . These changes of phase of the PDO Index are consistent with the fluctuations of the RI at RD-103, indicating impact of past climatic conditions on recharge history and, therefore, on the distribution of Cl in the vadose zone. Although not perfect, the similarity between the two patterns is remarkable, especially considering the distinct nature of the two datasets. Also, the linear trend of the PDO Index (PDOI) calculated over the same time interval of RD-103 shows a decreasing trend (dotted line: PDOI = −0.0007 × year + 1.38) consistent with that observed at RD-103, meaning a reduction of the recharge rate over the investigated time. The indices show substantially different behavior only between 1830 and 1855 when the PDO is positive and RIs are negative ( Fig. 5 ). However, the fact that the RIs for both on-site core locations are negative supports a period of relatively drier conditions.
Considering only the last century, two main dry intervals were observed (1915 to 1931; 1945 to 1975) with recharge dropping to 70% lower than the average (Fig. 5a ). These periods closely match those identified by analyzing the MAPI based on on-site precipitation (Fig. 3) and those observed by others based on precipitation data 30, 31 , lake sediments 25 , and groundwater levels 32, 33 . Given that the annual average precipitation for these previous recorded dry periods (381 and 394 mm y −1 respectively) is about 27% higher than that measured during the most recent drought (285 mm y −1 for the period 2011-2017), we should expect a stronger reduction in recharge to groundwater from this period. However, such a dry condition would not be new for the study area because recharge rates about 90% lower than average were found between 1710 and 1730. It is noteworthy that the ranges of variability of the RIs are larger than that of the MAPI (+0.48; −0.34); this is because of the non-linear relation between groundwater recharge and annual precipitation. Recharge in semi-arid areas, indeed, is not directly reliant on the total volume of precipitation but rather on the distribution throughout the year (seasonality) 20, 34 and intensities of the precipitation events 35, 36 .
The consistency between the indices in Fig. 5 supports our recharge reconstruction approach and confirms the legitimacy of the use of Cl profiles as an archive of past climate conditions in fractured porous aquifers. This method is suitable for application in semi-arid regions where porous fractured sedimentary bedrock occurs in recharge areas and where the vadose zone is sufficiently thick and has moderately matrix permeability for retaining insights of past hydrologic conditions over the long term. Unlike other proxies, such as lacustrine sediments and tree-rings, the Cl profiles represent a more powerful tool because they show most directly the variability of the groundwater component of the hydrological cycle, which is generally the most difficult to assess because of the lack of direct observation.
At the study site, in southern California, we reconstructed the variability of recharge for the last 468 years, thus extending back by 4 centuries previous results obtained analyzing longest-term water level records 24, 33 . The observed cyclical trend of groundwater recharge appears to be connected to the PDO index pattern and, therefore to atmospheric processes occurring at the global scale. Due to this relation, we propose that the PDO Index can be used as a qualitative indicator to forecast long-term recharge conditions. The uncovering of a recurrent oscillation with variable periodicity of groundwater recharge is fundamental to detect possible diverging trends caused by human-induced climate change. This observed multidecadal trend must also be considered by stakeholders and regulators when planning measures to avoid groundwater over-exploitation and to achieve sustainable management of water resources, so important to both local and global populations.
